1. Introduction {#sec0005}
===============

The preschool years (ages 3--5) represent a period of acute acceleration in the development of executive functions, and the neural systems that underlie them ([@bib0050], [@bib0120]). The preschool period is also a time when children rapidly develop emotion regulation skills important for adapting to everyday challenges ([@bib0115]), making this a period in which one of these neurodevelopmental processes may be particularly sensitive to the development of the other and highly influenced by the environment. The mastering of associated cognitive and emotional skills are hypothesized to interact, as the child reaches the more advanced stages of development, and to forecast social and academic outcomes at school age ([@bib0165], [@bib0260]). There have, however, been few studies testing how cognition and emotion are integrated in the preschool years, particularly at the neural level ([@bib0070]).

The integration of cognitive flexibility and emotion regulation in early childhood has been hypothesized as bi-directional ([@bib0305]). Researchers have postulated that emerging cognitive flexibility, defined as the ability to mentally switch between two or more demands ([@bib0230]), forms the basis of early emotion regulation strategies ([@bib0155], [@bib0305]). Relevant research has supported this hypothesis. For example, 5--6 year olds were able to flexibly change their thoughts and goals to reduce the intensity of negative affect ([@bib0080]). Relatedly, children who used a cognitive flexibility-based strategy, such as shifting their gaze or distracting themselves, delayed gratification longer than peers ([@bib0065], [@bib0175]). Conversely, individual differences in emotion regulation may impact how executive functions like cognitive flexibility develop. It has been postulated that young children's ability to successfully implement executive functions invariably involves managing accompanying emotion ([@bib0170]). Consider a 4 year-old who has been promised ice cream after dinner, but is given a cookie when his parents realize they are out of ice cream. To respond adaptively to this situation, the child would need to have both the flexibility to shift expectations and attention towards the pleasant but unanticipated treat, but also the emotion regulation abilities to modulate negative affect brought on by the unexpected outcome. The potentially concordant development of these skills suggests that cognitive flexibility and emotion regulation may share common neural substrates and mutually affect maturational change.

Cognitive flexibility is associated with activation of the dorsolateral prefrontal cortex (DLPFC) in adults ([@bib0035]), and these findings appear to extend to earlier developmental stages. [@bib0295], using a numerical Stroop task, found that children ages 8--12 years, like adults, showed bilateral DLPFC activation when trying to sort numbers by numerical value instead of incongruent size. [@bib0190] examined cognitive flexibility in children ages 11--13 years and adults who completed a modified version of the Dimensional Change Card Sort task (DCCS; [@bib0315]). Results showed increased DLPFC activation associated with switching dimensions in both children and adults. More recent advancements in functional Near Infrared Spectroscopy (fNIRS), a neuroimaging tool capable of measuring hemoglobin changes in the outer cortex non-invasively, has allowed researchers to measure neural activation in early childhood ([@bib0010]). Using fNIRS, [@bib0180], [@bib0185] recorded lateral PFC hemoglobin levels in preschool children and adults who completed a modified DCCS task. Results indicated that both preschool children and adults showed DLPFC activation while shifting mental sets. In addition, as children aged from 3 to 4 years, activation in this region increased as their performance improved.

Emotion regulation is defined as modulating the valence, intensity, or time-course of an emotional experience ([@bib0255]). These emotional experiences can range across basic and complex emotions, but, in early childhood, the regulation of anger and frustration is particularly salient as children's goals are often blocked in the name of healthy diets, early bedtimes, or appropriate public behavior ([@bib0075]). In following, irritability, or dispositional variability in anger/frustration regulation ([@bib0235]) represents a salient trait for understanding cognition-emotion interaction. Irritability is a dimensional phenotype present, at some level, in all children, that traverses the normal to abnormal spectrum ([@bib0275]). While severe irritability is a symptom of psychopathology ([@bib0245], [@bib0270]), expressions of irritability such as temper tantrums and angry mood are common in early childhood ([@bib0075], [@bib0265]). Thus, irritability within the normative range characterizes important individual differences in children's regulation of anger and frustration that likely interacts with the maturation of cognitive flexibility.

There is some evidence to suggest both a behavioral and neural interaction between cognitive flexibility and irritability in both typically developing and clinical populations. Adolescents receiving treatment for abnormally high levels of irritability show poorer cognitive flexibility ([@bib0100]) and reduced lateral PFC activation ([@bib0005]). In typically developing preschool children, the neural circuitry of irritability shows similarities with that of cognitive flexibility. [@bib0210] found that DLPFC activation during frustration was positively associated with parent-rated irritability. This finding suggests that, in the non-impaired range of the irritability dimension, the DLPFC may be a neural mechanism by which relatively more irritable children control salient anger and frustration.

The present study had two main goals. First, our objective was to identify the neural correlates of cognitive flexibility in preschool. We tested 46 typically-developing 3--5 year old children who completed a novel and child-friendly Stroop task while prefrontal hemoglobin levels were recorded via fNIRS. We hypothesized a replication of the previous findings that children's cognitive flexibility would be associated with DLPFC activation. Second, we aimed to investigate the novel question of how cognitive flexibility-related neural activation would be associated with individual differences in children's irritability. We expected that preschoolers with relatively higher irritability would require greater DLPFC activation to perform at the level of their peers. Thus, we hypothesized that DLPFC activation during a cognitive flexibility task would be positively associated with irritability.

2. Materials and methods {#sec0010}
========================

This study was approved by the Institutional Review Board (IRB) of the University of Pittsburgh.

2.1. Participants {#sec0015}
-----------------

Forty-six 3- to 5-year-old children (24 boys; mean = 57.4 months, SD = 8.78, range = 38.0--71.0 months) were recruited from the local community through advertisements. Children were identified by their parent/guardian as 71.7% Caucasian and 28.3% African American (97.8% Non-Hispanic and 2.2% Hispanic). An additional 5 children were excluded from analyses because of poor quality data and/or technical error. Because our goal was to understand typical development, children were excluded if their parents reported they were seeking clinical services, had any current or past psychiatric diagnosis, or had a first degree relative with a severe psychiatric diagnosis.

2.2. Cognitive task {#sec0020}
-------------------

Children were seated at a child size desk in front of a touch-screen computer and completed the novel, child-friendly Pet Store Stroop Task (see [Fig. 1](#fig0005){ref-type="fig"}). The task was based on the classic Stroop paradigm ([@bib0250]). First, children were told the story of a pet shop in which all of the animals had escaped from their cages. The child was instructed to put each animal, who appeared in the center of the screen while making a sound (2 s), back into the correct cage by touching one of four cages located in the corners of the screen (3 s). Children were told that sometimes the animals were "tricky" and liked to disguise themselves as other animals. In the Non-Stroop, sensory-motor control condition, animals made the sound of their species (e.g. cat says "meow"), but in the Stroop condition, animals made the sound of a different species (e.g. cat says "woof"). Thus, in the Stroop condition, children had to ignore a prepotent response to sort the animals based on their appearance and sort them based on the incongruent sound instead. The task comprised three Stroop and three Non-Stroop blocks, in alternating order. Each block comprised 6 trials. Children were presented with a fixation cross for one second between each trial and for 15 s between each block. The entire task lasted approximately 5 min. One experimenter worked with the child and explained the task while a second experimenter monitored fNIRS data acquisition.Fig. 1A depiction of one trial of the Pet Store Stroop Task. Children were instructed to put the animal in the correct cage based on the sound it made.Fig. 1

2.3. fNIRS data acquisition and analysis {#sec0025}
----------------------------------------

As previously described by Perlman and colleagues ([@bib0215], [@bib0210]), non-invasive optical imaging was performed with a CW6 real-time fNIRS system (Techen, Inc., Milford, MA, USA). The fNIRS probe comprised 4 light-source positions each containing 690 nm (12 mW) and 830 nm (8 mW) laser light, and 8 detectors, mounted within a child-friendly elastic cap. The average inter-optode distance was 3.2 cm. The probe was positioned according to international 10--20 coordinates such that the interior medial corner of the probe was aligned with FpZ. Hair was manually parted under the optodes to improve signal detection. The probe extended over the dorsolateral prefrontal cortex, specifically Brodmann areas 10 and 46 on each hemisphere as shown in [Fig. 2](#fig0010){ref-type="fig"}. The probe was registered to an atlas brain image for display purposes based on the FpZ position relative to the probe. An LPT port was used to synchronize the stimulus timing from E-Prime (Psychology Software Tools, Sharpsburg, PA) with brain hemoglobin activation. The scanning rate was 20 Hz, which was later Nyquist filtered and down-sampled to 4 Hz prior to analysis.Fig. 2Placement of the fNIRS probe on the prefrontal cortex, superimposed on a 3D mesh brain (left) and international 10--20 coordinates (right). Red dots, light- sources (S); blue dots, detectors (D); green lines, measurement channels (for interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 2

As reviewed in [@bib0140], the fNIRS raw signals were first converted to optical density and hemoglobin concentration changes using the modified Beer-Lambert law ([@bib0085]) using a differential path length term of 6 for both wavelengths ([@bib0240]). For statistical analysis, we used an autoregressively whitened robust regression model ([@bib0015]). Specifically, this model allows robust estimation of fNIRS signal changes in the presence of motion-related artifacts. This model was also shown to have good control of type-I error (false-discovery rates; reviewed in [@bib0145]). In brief, a linear model (e.g., *y* *=* *Xβ* *+* *ε*) was constructed, with *X* as the design matrix and β estimating the magnitude of brain activity in the evoked hemodynamic response. An iterative auto-regressive (AR) filtering was used to eliminate the serial correlations in the residual of the model by employing a linear whitening filter (*S^−1^*) on both sides of the equation (e.g., *S^−1^·y* *=* *S^−1^· Xβ* *+* *S^−1^·ε*). This AR model is estimated by Bayesian information criteria (BIC) search of AR model order to whiten the residual of the linear regression model. The solution to this model is then iteratively estimated by robust regression. The canonical design matrix (*X*) was calculated by the first-order convolution of the standard hemodynamic response function from SPM8 ([@bib0110]).

The estimated regression coefficients (β) for each condition, at each channel, and for each subject were exported to SPSS 22.0 (IBM Corp., Armonk, NY) for further statistical analysis. Cognitive flexibility was defined as the magnitude differences of brain activation between Stroop and Non-Stroop blocks (*Δβ* *=* β ~Stroop~ -- β ~Non-Stroop~). A single sample *t*-test was performed for all 12 channels at the group level to detect which channels were significantly activated during our cognitive flexibility task (significant difference between *Δβ* and 0). For visualization purposes, the optical probe in the study was registered to an age matched child's MRI brain template from a previous study ([@bib0200], [@bib0205]).

2.4. Parent-rated irritability {#sec0030}
------------------------------

Parents rated their child's irritability using the *Temper Loss* subscale of the Multidimensional Assessment Profile for Disruptive Behavior (MAP-DB; [@bib0265]). This scale was specifically developed to characterize the full dimension of normative to clinically salient irritability, and has shown good reliability and validity ([@bib0270], [@bib0265]). The MAP-DB takes a dimensional approach to irritability from an epidemiological perspective and has been shown to predict children's brain activation following frustration ([@bib0220], [@bib0210]). The Temper Loss subscale comprised 22 items (e.g. "Act irritable", "Stay angry for a long time") rated on a 6-point Likert scale (0 = "Never", 5 = "Many times each day"). Reliability of the scale was excellent (α = 0.96).

Parents reported a range of irritability scores (*Mean* = 19.42, *SD* = 15.78, *Range* 0--64; maximum possible score = 110). Based on scores of ≥ 43, representing 1.5 SD above the mean in the MAP-DB community sample ([@bib0265]), 91% of the sample was in the normative range. Thus, irritability score distribution showed variability yet was consistent with a non-clinical, non-impaired sample.

2.5. Analysis strategy {#sec0035}
----------------------

First, we tested for associations between Stroop performance, age, and irritability. Next, we contrasted hemoglobin changes during the Stroop and Non-Stroop conditions to identify specific areas of prefrontal activation associated with cognitive flexibility. Although it is not currently the standard in the field to correct for multiple comparison, as fNIRS is a region-of-interest and hypothesis driven method, we employed the False Discovery Rate (FDR) correction ([@bib0020]) within the contrasts of oxy- and deoxy-hemoglobin separately to provide a more conservative estimate of effects. Using correlation, we tested whether cognitive flexibility-related neural activation was association with age. Finally, using partial correlation, we tested whether neural activation during our cognitive flexibility task was associated with Stroop performance level, and level of irritability, when controlling for age.

3. Results {#sec0040}
==========

3.1. Stroop performance and its association with age and irritability {#sec0045}
---------------------------------------------------------------------

Mean reaction time was calculated from correct trials in the Stroop and Non-Stroop conditions. Paired-sample T tests were conducted to test whether accuracy and reaction time differed between conditions. As expected, children were less accurate (Stroop: *M* = 67%, *SD* = 0.20, Non-Stroop: *M* = 74.2%, *SD* = 0.19; *t*(44) = 5.56, *p* \< 0.001) and slower (Stroop: *M* = 3.04 s, *SD* = 0.44, Non-Stroop: *M* = 2.72 s, *SD* = 0.19; *t*(44) = 2.83, *p* \< 0.01) in the Stroop condition than in the Non-Stroop condition. Due to the rapid changes in the development of executive functions occurring during this period ([@bib0095]), we tested for age related effects of Stroop performance. Age was significantly positively correlated with Stroop accuracy (*r*(44) = 0.43, *p* \< 0.01) and negatively correlated with reaction time (*r*(44) = −0.54, *p* \< 0.001). Stroop accuracy (*r*(46) = 0.014, *p* = 0.928) and reaction time (*r*(46) = 0.079, *p* = 0.602) was not associated with parent-rated irritability.

3.2. fNIRS results {#sec0050}
------------------

### 3.2.1. Neural activity contrast between stroop and non-Stroop conditions {#sec0055}

As shown in [Fig. 3](#fig0015){ref-type="fig"}, one channel in the left DLPFC showed significant increased oxy-hemoglobin concentration between Stroop versus Non-Stroop blocks (*p* \< 0.01, uncorrected). Another channel in the right DLPFC showed marginally increased activation between Stroop and Non-Stroop conditions (*p* = 0.06, uncorrected). As shown in [Fig. 3](#fig0015){ref-type="fig"}, a single channel in the right DLPFC showed significantly (*p* \< 0.05, uncorrected) increased deoxy-hemoglobin concentration between Stroop and Non-Stroop blocks. After FDR correction for multiple comparison, only the left DLPFC channel finding remained significant.Fig. 3Channel space maps showing oxygenated- and deoxygenated-hemoglobin differences between Stroop and Non-Stroop blocks. The color of each line indicates the t values associated with the change in β between Stroop and Non-Stroop conditions. Solid lines represent significant differences between conditions and dashed lines represent non-significant differences between conditions.Fig. 3

### 3.2.2. Individual differences in DLPFC activation {#sec0060}

No correlation was found between age and oxy-hemoglobin changes during our cognitive flexibility task at any channel. However, because age was correlated with Stroop accuracy and reaction time, we controlled for age in subsequent analyses.

We examined the association between irritability and neural activation during our cognitive flexibility task. In the left hemisphere, results revealed a significant positive partial correlation (*r*(43) = 0.34, *p* \< 0.05, uncorrected) between irritability and the same DLPFC channel that was significant in the Stroop vs. Non-Stroop contrast. Moreover, in the right hemisphere, irritability was positively partially correlated with oxy-hemoglobin levels between the Stroop and Non-Stroop condition in multiple DLPFC channels (*r*(43) ranges from 0.32 to 0.50, *p* ranges from 0.001 to 0.032, uncorrected, see [Fig. 4](#fig0020){ref-type="fig"}). To illustrate this trend, and for parsimony, a scatterplot between irritability and oxy-hemoglobin changes averaged across significant channels in the right DLPFC is shown in [Fig. 4](#fig0020){ref-type="fig"}.Fig. 4Channel space map showing associations between irritability and oxygenated-hemoglobin differences between Stroop and Non-Stroop conditions, controlling for age. Solid color lines represent significant correlations and dashed lines represent insignificant correlations between each source-detector pair and irritability. The color bar represents the intensity of the correlation coefficient, with a range of 0--0.5. Scatter plot showing the association between irritability and oxy-hemoglobin changes averaged across significant channels in the right DLPFC.Fig. 4

4. Discussion {#sec0065}
=============

In the present study, we found evidence that left DLPFC activation was associated with cognitive flexibility in typically developing preschool children. Irritability was unrelated to cognitive flexibility performance but was positively associated with cognitive flexibility-related neural activation. Children with relatively higher irritability showed greater activation in both the left and right DLPFC during a cognitive flexibility task. The present study fills in gaps in our understanding of how emotion regulation and the neural correlates of cognitive flexibility may be interwoven in early childhood. Previous studies have shown that, behaviorally, executive functions and emotion regulation are linked in early childhood. For example, [@bib0045] found that 4--6 year olds' ability to suppress negative and positive affect during emotional challenges was positively associated with performance on an inhibitory control battery. Other studies have found that children who can flexibly shift their thoughts, gaze, or attention were able to reduce subjective reports of negative affect or delay a reward longer than peers ([@bib0065], [@bib0080], [@bib0175]). The present study is, to our knowledge, the first to find that individual differences in irritability are associated with cognitive flexibility-related neural functioning. A positive association between irritability and cognitive flexibility, at the neural level, represents novel evidence that specific executive functions and emotion regulation may share some common neural circuitry. It may also represent an ability to employ a specific strategy, implemented through activation of the DLPFC, that is unique to the most irritable children. This finding, therefore, has novel implications for our understanding of how executive functions and emotion regulation develop and transact during the preschool years.

The present study used a novel, child-friendly, and fNIRS compatible Stroop task for preschool children. As such, our finding that the Pet Store Stroop Task elicited left DLPFC activation, in children as young as three years, makes several contributions to the cognitive development literature. While previous work has explored children's neuro-electrical activity during a cognitive flexibility task (see [@bib0285], [@bib0290]), it is only recently, through non-fMRI techniques, that researchers have localized anatomical neural substrates of preschool cognitive flexibility. This small body of literature has largely focused on neural activation during the Dimensional Change Card Sort task (DCCS; [@bib0315]), a task with distinct differences from the Pet Store Stroop Task. For example, most 3 year olds fail the DCCS (are unable to shift from sorting stimuli along one dimension to sorting along a second dimension) while most 5 year olds pass ([@bib0315]). In the present study, while Stroop performance improved with age, 3 year olds were still able to understand and successfully complete the Pet Store Stroop Task (3 year olds were 51% accurate on Stroop trials and 62% accurate on Non-Stroop trials, with a 25% chance rate). In addition, two fNIRS studies by [@bib0180], [@bib0185] using the DCCS in 3--5 year-old children found significant pre-post switch hemoglobin increases only among children capable of passing the DCCS, not in the significant number of 3 year-olds who failed. In contrast, in the Pet Store Stroop Task, 3 year-olds showed significant DLPFC activation between Stroop and Non-Stroop conditions. This finding suggests that the neural substrates of cognitive flexibility might develop more continuously rather than in the stage-like ([@bib0225]) format that has been previously measured by existing tasks. The DCCS and Pet Store Stroop Task thus represent complementary strategies for investigating early cognitive flexibility. The high difficulty level of the DCCS may be ideal for detecting age effects, whereas the low difficulty and repetitive trials of the Pet Store Stroop Task may be uniquely suited for detecting cognitive flexibility-related neural variability when behavioral abilities related to executive functions are in the early stages of emergence.

Some have suggested that certain emerging executive functions are strongly integrated with managing emotion while others are more removed from emotion ([@bib0300]). This contention is largely based on studies showing that executive functions presumed to involve managing emotion, such as inhibitory control, and executive functions presumed to be distinct from emotion, such as cognitive flexibility, load onto separate factors ([@bib0150], [@bib0280]). The Pet Store Stroop Task used in the present study had no reward associated with performance and was designed to be consistent with other, non-emotional, "cool", measures of cognitive flexibility ([@bib0310]). Without the neural activation data collected in the present study, the non-association between irritability and Stroop performance might suggest that individual differences in children's response to frustration are unrelated to developing cognitive flexibility. Instead, we found evidence that in order to perform at the level of their peers, preschoolers with relatively higher but non-impairing levels of irritability showed greater DLPFC activation during our cognitive flexibility task. Given the importance of cognitive flexibility in the development of competent social and academic functioning ([@bib0025], [@bib0055]), the field has seen an increase in interventions designed to directly strengthen cognitive flexibility in preschool children (e.g. [@bib0030]). The integration of irritability and cognitive flexibility in early childhood suggests that individual differences in irritability might predict preschool children's response to training programs designed to boost executive functions. Alternatively, early childhood interventions that target both emotion regulation and cognitive flexibility may be more efficacious.

As stated previously, the integration of cognitive flexibility and emotion regulation is hypothesized to be bi-directional ([@bib0305]). Although it is clear that emotion regulation develops rapidly during the preschool years ([@bib0105]), evidence of how specific emotion regulation strategies emerge has been lacking. Many scholars contend that young children may utilize cognitive flexibility as an early emotion regulation strategy, but this hypothesized phenomenon has been under-researched ([@bib0060], [@bib0130], [@bib0155], [@bib0195]). [@bib0210] were the first to show that irritable yet non-impaired preschool children showed a greater DLPFC response to frustration than their less irritable peers. The association between irritability and DLPFC activation during a cognitive flexibility task suggests that relatively more irritable preschoolers may use well-developed cognitive flexibility, and underlying neural circuitry, to manage daily salient frustration. Shifting attention between competing demands may be one way irritable yet adaptively functional preschoolers manage emotional challenges.

As opposed to previous work on the neural correlates of childhood executive functions (see [@bib0185], [@bib0215], [@bib0295]), our study is limited in that we did not find any age-related effects. This is perhaps because our Pet Store Stroop Task was specifically designed to be challenging, but easily attainable in order to investigate neural variation related to irritability rather than neural dissociations between those who could vs. could not complete the task. A second limitation of the study may be that fNIRS methodology is only able to detect hemoglobin changes in the outer cortex and is, thus, best suited for specific hypothesis testing rather than an investigation of widely distributed circuitry. In this study, we used a probe that focused on the DLPFC as a region of interest based on previous localization studies. Thus, other areas of the brain that underlie cognitive flexibility or contribute to irritability, such as the parietal cortex ([@bib0125], [@bib0135]), anterior cingulate ([@bib0040]) or amygdala ([@bib0090], [@bib0160]), could not be measured in the current study. A final limitation of this study that is poised to become a prime avenue for future direction concerns the specificity of our findings to a single dimension of negative affect (irritability). It is possible that DLPFC activation in relation to cognitive flexibility might correlate negatively with another dimension of negative affect, such as anxiety, or not at all, or that a relationship between this other dimensions might have a different neural substrate. Future studies employing fMRI will be better poised to examine these questions while investigating a more diffuse circuitry.

Although we did not employ a longitudinal design to test whether the association between irritability and cognitive flexibility indicates transactional or protective effects, our findings point toward this as a critical direction for future research. Longitudinal work with both typical and high-risk children has the potential to tease apart how irritability and the neural correlates of executive functions interact across development and forecast specific risk-related cut-off points. In conclusion, the present study is among the first to identify the neural correlates of cognitive flexibility in preschool children, and, to our knowledge, is the first to show that cognitive flexibility-related brain activation relates to individual differences in emotion regulation. The present study sets the stage for exciting future research exploring how the neurodevelopment of executive functions transacts with children's emotion regulation in the presence of family, peers, and community during additionally sensitive developmental periods.
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